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• In Arabidopsis rosettes, developmental age of leaves modulates UV-B 2 
responses. 3 
• Low UV-B positively affects UV-absorbing pigments, flavonols and total 4 
antioxidants. 5 
• Developmental age affected photochemistry, and especially energy 6 
dissipation 7 
• Developmental age associated variation in UV-absorbing pigments and 8 
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Developmental age is an important determinant of plant stress responses. In 67 
this study the importance of “within-individual-heterogeneity” of 68 
developmental age for plant UV-B responses was quantified. Arabidopsis 69 
thaliana rosettes were raised under indoor conditions, and the responses of 70 
leaves at different developmental stages were compared following exposure to 71 
supplemental UV-B radiation. Exposure to a low dose of UV-B had positive 72 
effects on concentrations of UV-absorbing pigments, quercetins and 73 
kaempferols as well as total antioxidant activity measured. Unlike UV-B, 74 
developmental age had a substantial effect on photochemistry, and especially 75 
energy dissipation. Younger leaves display relatively strong regulated 76 
dissipation, while older leaves show more non-regulated, non-photochemical 77 
energy dissipation. Developmental age also impacted on concentrations of UV-78 
absorbing compounds, and antioxidant activity. In fact, developmental 79 
variation matched, or even exceeded the UV-induced response for these two 80 
parameters. Thus, pooling of rosette leaves is not necessarily a good strategy to 81 
visualise plant UV-responses. Rather, to fully understand plant UV-responses 82 
in a developmental context it is important to advance reporter technologies for 83 
physiological studies, including spin-trap technology to visualise in planta ROS 84 
and ROS-defences, and fluorescence excitation screening technology and 85 
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Ultraviolet-B (UV-B) radiation is an important regulator of plant growth and 96 
development (Jansen and Bornman 2012; Hideg et al., 2013; Jenkins, 2014; 97 
vanHaelewyn et al., 2016). Amongst others, UV-B controls accumulation of a 98 
broad range of plant secondary metabolites with UV-screening and/or 99 
antioxidant activities (Jansen et al., 2008, Zhang and Björn 2009). Many studies 100 
have reported the UV-induced accumulation of flavonols and related phenolics 101 
(Searles et al., 2001; Bieza and Lois 2001; Rozema et al., 2002; Jansen et 102 
al., 2008). These compounds occur in cell walls, in the vacuoles of mesophyll 103 
cells (Kytridis and Manetas 2006, Agati et al., 2009), in chloroplasts (Agati et 104 
al., 2007) and in non-secretory, and glandular trichomes (Tattini et al., 2007). 105 
Additionally, there is good evidence that UV-mediates the accumulation of 106 
terpenoids, alkaloids, glucosinolates, polyamines and tocopherols (Jansen et 107 
al., 2008, Zhang and Björn 2009, Schreiner et al., 2012). It is likely that many, if 108 
not all, of these UV-induced metabolites contribute to Reactive Oxygen Species 109 
(ROS) scavenging capacity and/or UV screening, and therefore to UV 110 
protection. Thus, plant responses to low doses of UV-B are typically 111 
acclimative (i.e. driven by eustress), resulting in increased UV-protection. In 112 
contrast, high doses of UV-B are associated with distress, i.e. metabolic 113 
disruption (Hideg et al., 2013), and such distress can be quantified as 114 
accumulation of DNA-dimers (Britt 1996), inactivation of photosynthetic 115 
activity (Jordan et al., 2016), and/or as macroscopic damage such as chlorosis. 116 
Whether UV causes eustress or distress does not simply depend on the UV 117 
dose, but rather on the balance between damaging reactions, repair and 118 
acclimation responses (Jansen et al., 1998). An important determinant of 119 
repair and acclimation responses, and hence net plant damage, is plant and leaf 120 
developmental age.  121 
 122 
Plant developmental age is an important determinant of stress susceptibility. 123 
Amselem et al., (1993) showed that resistance to the ROS generator paraquat 124 
peaked at week 10, and then gradually decreased with developmental stage in 125 













paraquat-resistant Conyza bonariensis. It has been shown that 3-week-old 126 
Arabidopsis thaliana rosettes respond differently to stressors such as low 127 
temperature, and wounding than 6-week old rosettes. Young plants showed 128 
higher Pal1 transcript accumulation than older plants in response to low 129 
temperatures, while older plants showed stronger induction of peroxidase 130 
activity (Abarca et al., 2001). Similarly, analysis of antioxidants in Arabidopsis 131 
rosettes ranging in age from 19 through to 75 day’s old showed marked 132 
differences in ascorbate, glutathione, NAD and NADP levels with 133 
developmental age (Queval and Noctor, 2007). Thus, the literature emphasises 134 
the importance of plant developmental age for plant stress responses.  135 
 136 
Few studies have considered “within-individual heterogeneity” in 137 
developmental age, when studying plant stress. Individual plants represent 138 
complex temporal and spatial mosaics of organ developmental age and stress 139 
susceptibility (Coleman, 1986). The association between organ age and stress 140 
susceptibility appears to be due to a range of physiological, biochemical and 141 
structural characteristics that distinguish organs of different developmental 142 
ages. Thus, exposure of the entire plant to a stressor triggers a heterogeneous 143 
mixture of responses and it has been argued that for many leaves maximal 144 
stress susceptibility occurs at the time of the sink-source transition (Coleman, 145 
1986). Although, the importance of leaf developmental age has been 146 
recognised as a source of “within-individual heterogeneity” in stress responses 147 
(cf, Coleman, 1986), there is no simple standardised approach to quantify leaf 148 
developmental age. Common approaches to quantifying leaf development 149 
include numbering successive leaves, measuring percentage of full leaf 150 
expansion, and/or measuring time from leaf initiation (Coleman, 1986). 151 
However, within-individual heterogeneity of stress responses is not just 152 
related to leaf age. Plants comprise complex, 3-dimensional structures giving 153 
rise to different microclimates. In the case of UV-B exposure, younger leaves 154 
positioned near the top of the plant are exposed to ambient light conditions, 155 
while the exposure of older leaves depends on light penetration in the 3-D 156 
structure of the plant. As the diffuse fraction of UV-B irradiance is larger than 157 
that of visible wavelengths, the UV: PAR ratio may increase within the plant 158 













canopy (Yang et al., 1993; Brown et al., 1994). The resulting interaction 159 
between positional effects and developmental age has not been well analysed. 160 
Some studies have analysed the composition and antioxidant activity of tea 161 
(Camellia sinensis) leaves of differing developmental age. Younger leaves were 162 
found to have higher total phenolic content and antioxidant activity (Chan et 163 
al., 2007), and higher theanine and caffeine content, but lower catechin 164 
concentrations (Song et al., 2012). Similarly, younger leaves of blackberry, 165 
raspberry and strawberry were also found to have higher total phenolic 166 
content and antioxidant activity compared to older leaves (Wang and Lin, 167 
2000). However, while these data are important from an agronomical 168 
perspective, they fail to separate developmental effects from positional light-169 
exposure effects. For experimental purposes, positional UV-exposure effects 170 
can be avoided by selecting plants with a 2-D structure. For example, a study of 171 
leaf developmental stage and UV-responses in grapevine (Vitis vinifera, cv. 172 
Chardonnay) used single shoots which were led along horizontal rods. 173 
Upward-facing leaves occurred in a sequence from oldest to youngest leaves, 174 
and all leaves were equally exposed to ambient light (Majer and Hideg, 2012).  175 
 176 
Rosettes are another attractive system to study within-individual 177 
heterogeneity, in the absence of major positional, micro-climatic effects. 178 
Arabidopsis thaliana rosettes, especially those at the early stages of 179 
development with just a few true leaves (see Boyes et al., 2001 for 180 
nomenclature), are quite flat and display little self-shading. Several studies 181 
have shown that Arabidopsis leaf developmental age will affect accumulation 182 
of secondary metabolites. For example, glucosinolate concentrations are higher 183 
in younger Arabidopsis leaves than in older leaves (Brown et al., 2003). 184 
However, little is known about the importance of leaf developmental age for 185 
the accumulation of flavonols, total antioxidant capacity and UV-protection, 186 
and the relationships between these three parameters. Here, it is hypothesised 187 
that leaf development is a determinant of plant UV-responses. If this is 188 
hypothesis is confirmed, the question should be asked whether (commonly 189 
practised) harvesting of entire rosettes for UV-acclimation studies is 190 
scientifically justified. The aim of the current study was to probe the 191 













interdependence between UV-B acclimation and leaf developmental processes 192 
in Arabidopsis thaliana, by measuring photosynthetic efficiency, total 193 
antioxidant capacity, UV-absorbing pigments and specific flavonols. 194 
 195 
Materials and Methods 196 
Plant growth and UV-exposure 197 
Seeds of Arabidopsis thaliana Columbia-0 were vernalized at 40C before sowing 198 
into flats containing sieved John Innes No.2 compost. The flats were covered in 199 
cling film and placed in a temperature controlled growth room with a 16 hour 200 
light and 8 hour dark photoperiod. Once the seeds had germinated the cling 201 
film was removed.  Seedlings were raised under 70 µmol m-2 s-1 PAR. At the 202 
two cotyledon stage the seedlings were transplanted into individual pots 203 
containing John Innes No. 2 compost. The seedlings were allowed to reach the 204 
1.04 growth stage (Boyes et al., 2001) before the experimental treatment was 205 
initiated. Leaves were numbered in order of developmental age, with the first-206 
formed (i.e. oldest) leaves counted as numbers 1 and 2.  207 
 208 
UV-exposure experiments were conducted in a self-contained light box, fitted 209 
with fluorescent tubes emitting Photosynthetic Active Radiation (PAR) (36W 210 
Philips Master TLD Reflex Tube), UV-A (Philips Fluorescent Blacklight Blue 211 
36W, 1200mm) and UV-B (Philips TL12). Temperature within the box was 212 
220C and the relative humidity was 55%. The PAR intensity was 60-80 213 
µmol/m-2s, and this was supplemented by 1.6W/m2 UV-A. A dimmable ballast 214 
(Sylvania-Biosystems, Wageningen, The Netherlands) was used to regulate the 215 
intensity of the TL12 tubes without changing the UV-B spectrum (verified with 216 
Ocean Optics Spectroradiometer (USB2000+RAD) (Ocean Optics, Dunedin, FL, 217 
USA). The output of the UV-B tubes was set to generate 0.6W/m2. Plants were 218 
exposed to UV-B radiation for two hours each day at noon, for a total of 7 days. 219 
This translates to a biological effective dose of 0.6648kJ m-2 day-1 (Flint and 220 
Caldwell, 2003). The UV-C component that is generated by the TL12 tubes was 221 
blocked using a filter of cellulose acetate (95µm thickness; Kunststoff-Folien-222 
Vertrieb GmbH, Hamburg, Germany). Control plants (no UV-B) were grown 223 
under UV-B blocking filter (125µm thickness, Polyester film, Tocana Ltd., 224 













Elizabeth’s Cross, Ballymount Cross Ind. Est., Ballymount, Dublin 24). Both 225 
filters were placed 5cm above the plants on opaque frames. Both filters were 226 
changed after 20 hours of UV-B exposure. The photoperiod in the light box was 227 
the same as the growth room, a 16 hour light and 8 hour dark sequence. The 228 
plants were acclimated to the light box for a minimum of 24 hours before 229 
switching on the UV-B tubes. 230 
 231 
Chlorophyll a fluorometry  232 
Chlorophyll a fluorescence (Fv/Fm; Y(II), Y(NPQ), Y(NO) and NPQ) parameters 233 
were determined using an Imaging PAM (Waltz, Effeltrich, Germany). Whole 234 
rosettes were dark adapted for a minimum of 20 minutes before the maximal 235 
quantum yield of Photosystem (PS) II Fv/Fm was determined. Following this, 236 
leaves were exposed to non-modulated blue actinic light (186 µmol m-2 s-1) and 237 
light acclimated minimum and maximum fluorescence yields were obtained 238 
using a saturating pulse. Light acclimated PS II yield Y(II), regulated non-239 
photochemical quenching Y(NPQ) and non-regulated non-photochemical 240 
quenching Y(NO) were calculated from fluorescence parameters according to 241 
Klughammer and Schreiber (2008). NPQ was calculated as Y(NPQ)/Y(NO). 242 
Photosynthetic activities were determined for leaves 1 to 7 from 5 243 
independent replicate rosettes.  244 
 245 
Total soluble phenolics  246 
Total soluble phenolics were extracted from leaves numbers 1 to 7 using 247 
acidified methanol (1%HCL, 20%H2O, 79%CH3OH). Whole leaves were placed 248 
in micro-tubes containing acidified methanol and incubated in the dark at 40 249 
for 4 days. The supernatant was drawn off using a pipette and placed in quartz 250 
glass curvette. Absorbance was recorded at 330nm on a spectroradiometer 251 
(Shimadzu UV-160A) and normalized against fresh weight. A total of 5 252 
independent replicates were used for each leaf.  253 
 254 
Analytic quantification quercetin and kaempferol glycosides 255 
Glycosylated quercetin and kaempferol compounds were quantified in leaves 256 
4, 5 and 6. Each independent replicate comprised leaves from at least 5 plants, 257 













which were pooled to provide enough biomass for UPLC analysis, for each 258 
treatment. Arabidopsis leaves were frozen using liquid nitrogen and ground in 259 
a Magnalyser (5x 15 sec, 6500 rpm, Roche diagnostics, Vilvoorde, Belgium). To 260 
extract flavonols, leaves were homogenized in acidified methanol (0.125% FA, 261 
62.5 % MeOH, 5 µl per mg fresh weight) and sonicated in an ultrasonic bath for 262 
30min followed by filtration (True Nylon Syringe filter, 0.2 µm, Grace Davison 263 
Discovery Science, Deerfield, IL, USA).  264 
 265 
Flavonol compounds were analysed using an ACQUITY UPLC chromatography 266 
system combined with and ACQUITY TQD mass spectrometer. The solvents 267 
used were water, 0.1% formic acid (C) and acetonitrile, 0.1% formic acid (D). 268 
TQD analysis was performed in ESI(+)-MRM mode.  Concentrations were 269 
measured using a mass spectrometer, and calculated following calibration 270 
against the reference compound kaempferol-3-rhamnosidoglucoside (10-5M 271 
final concentration, Carl Roth GmbH, Karlrühe, Germany). For the purpose of 272 
the experiments, the main UV-responsive quercetin and kaempferol glycosides 273 
were identified. These were kaempferol-3-O-glucoside-7-O-rhamnoside; 274 
kaempferol-3-O-glucosyl-glucoside-7-O-rhamnoside; kaempferol-3-O-275 
rhamnoside-7-O-rhamnoside; kaempferol-3-O-rhamnosyl-glucoside-7-O-276 
rhamnoside; quercetin-3-O-glucoside-7-O-rhamnoside; quercetin-3-O-277 
rhamnoside-7-O-rhamnoside; quercetin-3-O-glucosyl-glucoside-7-O-278 
rhamnoside; and quercetin-3-O-rhamnosyl-glucoside-7-O-rhamnoside. Their 279 
concentrations were combined to give total kaempferol-glycosides and 280 
quercetin-glycosides, respectively. There were 5 independent replicates for 281 
flavonol measurements, and each replicate was comprised of the leaves of a 282 
further 5 plants.  283 
 284 
Trolox equivalent antioxidant capacity (TEAC) 285 
2,2′-Azino-bis (3-ethylbenzothiazoline-6-sulfonic cation radical (ABTS•+) 286 
reduction was measured based on the method of Re et al., (1999) as described 287 
earlier (Csepregi et al., 2016). ABTS•+ was prepared by mixing 0.1 mM ABTS, 288 
0.0125 mM horse radish peroxidase and 1 mM H2O2 in a 50 mM phosphate 289 
buffer (pH 6.0). After 15 min, 10 µL diluted leaf extract or test compound was 290 













added to 190 µL ABTS•+ solution and conversion of the cation radical into 291 
colourless ABTS was followed as decrease in absorption at 651 nm recorded 292 
with a Multiscan FC plate reader (Thermo Fischer Scientific, Shanghai, China). 293 
Myricetin-3-O-glucoside was used to prepare a calibration curve and TEAC of 294 
leaf extracts were given in reference to that of Myricetin-3-O-glucoside. There 295 
were 4 independent replicates of each sample, and each replicate contained 296 
pooled biomass from 10-15 plants. 297 
 298 
Ferric reducing antioxidant power (FRAP) 299 
FRAP is based on detecting the capacity of samples to reduce ferric ions, which 300 
is measured as an absorbance change of the ferrous 301 
2,4,6-tripyridin-2-yl-1,3,5-triazine (TPTZ) complex. The assay was carried out 302 
according to a modification (Szőllősi and Szőllősi-Varga, 2002) of the original 303 
medicinal biochemical assay (Benzie et al., 1996). The FRAP reagent was 304 
prepared by mixing 25 mL of acetate buffer (300 mM, pH 3.6), 2.5 mL TPTZ 305 
solution (10 mM TPTZ in 40 mM HCl) and 2.5 mL of FeCl3 (20 mM in water 306 
solution). For each sample, 10 µL diluted leaf extract or test compound was 307 
added to 190 µL freshly mixed FRAP reagent. Samples were incubated in 308 
microplate wells at room temperature for 30 min before measuring the OD at 309 
620 nm using a Multiscan FC plate reader (Thermo Fischer Scientific, Shanghai, 310 
China). FRAP values of were expressed as µmol Myricetin-3-O-glucoside 311 
equivalents per mg leaf dry weight. There were 4 independent replicates of 312 
each sample, and each replicate contained pooled biomass from 10-15 plants. 313 
 314 
Data analysis 315 
Effects of leaf age and UV-B radiation were the two factors and the above 316 
metabolic, antioxidant or photosynthetic parameters were variables in 317 
statistical analyses. Effects of leaf age and UV-B were analysed using two factor 318 
ANOVA. The null hypothesis was that neither leaf age nor UV-B were effective. 319 
When a significant age or UV-B effect was identified based on a p < 0.05 result, 320 
Tukey’s post-hoc tests were carried out to explore connections between 321 
individual factors and variables. Pair wise relationships of parameters were 322 
tested further using simple linear regression. Linear fits were characterized by 323 













the regression coefficient R2 and p values of t-tests using the null hypothesis 324 
that the slope of the fitted regression line was zero. This hypothesis was 325 
rejected for data sets with p < 0.05 and these were concluded to be linearly 326 
correlated. Calculations were carried out using the PAST statistical software 327 
(Hammer et al., 2001). 328 
 329 
Results 330 
Arabidopsis thaliana rosettes were exposed to a low dose of UV-B radiation for 331 
7 days after which rosettes were dissected and individual leaves assayed for 332 
photosynthetic competence, total UV-absorbing content, kaempferol and 333 
quercetin content, and antioxidant and radical scavenging capacity.  334 
 335 
Leaf photochemistry and non-photochemical quenching 336 
The maximum quantum yield of PSII (Fv/Fm) was not significantly affected by 337 
UV-B treatment or developmental age (Table 1). Rather, measured values (0.77 338 
on average) indicate a good activity of PSII throughout all samples. The 339 
quantum yield of PSII under steady state conditions (Y(II)), and the quantum 340 
yield of regulated non-photochemical energy loss in PS II (Y(NPQ)) are 341 
similarly not affected by the used dose of supplemental UV-B radiation. 342 
Although there appears to be a slight increase in Y(II) and Y(NPQ) in younger 343 
leaves in UV-B exposed rosettes, this is not significant. In contrast, the non-344 
photochemical quenching (NPQ) shows a developmental aspect, with 345 
significantly higher values in younger leaves. The quantum yield of non-346 
regulated non-photochemical energy loss in PS II (Y(NO)) does show 347 
significantly lower values in younger leaves, although no UV-B effects are 348 
discernible.  349 
 350 
UV-absorbing pigments and flavonols 351 
The content of soluble UV-absorbing pigments in methanolic extracts was 352 
determined and normalised as a function of leaf fresh weight. The leaves of 353 
rosettes that had been exposed to supplemental UV-B contained consistently 354 
higher levels of UV-absorbing pigments (Fig. 1). Compared to non UV-B 355 
exposed controls, levels of UV-absorbance increased by some 67% in UV-356 













exposed leaf 1, but just 16% in case of leaf 7. A significant effect of leaf age on 357 
UV-absorbing pigment content was also noted. On average, non UV-exposed 358 
leaf 7 contains 67% more UV-absorbing pigments than non UV-exposed leaf 1. 359 
Interactions between UV and developmental age were not significant.  360 
 361 
UPLC/MS was used to separate and quantify levels of quercetin-, and 362 
kaempferol-glycosides in Arabidopsis thaliana leaves (Table 2).  Analysis was 363 
limited to leaves 4, 5 and 6, for which enough biomass could be generated. 364 
Concentrations of both quercetin and kaempferol strongly increased in 365 
response to UV-B exposure. For example, quercetin levels in leaf 5 were nearly 366 
10-fold higher in a UV-B exposed leaf, relative to the non UV-B exposed control. 367 
Increases in kaempferol were more modest, with a 3.7-fold increase in 368 
kaempferol content in UV-B exposed leaf 5 compared to the non-UV exposed 369 
control. There is no significant developmental effect on leaf flavonol content, 370 
although it is noted that lowest concentrations of the glycosylated flavonols 371 
occur in leaf 4, and highest in leaf 6. Across all data (leaves 4, 5 and 6; + or – 372 
UV-B) quercetin concentrations are positively correlated with kaempferol 373 
concentrations (Fig. 2A). Similarly, both quercetin and kaempferol 374 
concentrations are positively correlated with the UV-absorbance of methanolic 375 
extracts (Fig. 2B, 2C). 376 
 377 
Total antioxidant activity 378 
Trolox equivalent antioxidant capacity (TEAC) was determined by quantifying 379 
the reduction of the ABTS-cation in Arabidopsis thaliana leaves 3, 4, and 5. To 380 
generate enough biomass, leaves 1 and 2, and leaves 6 and 7 were combined. 381 
On average, the leaves that had been exposed to supplemental UV-B radiation 382 
displayed significantly higher TEAC-values (Fig. 3A). The decrease in TEAC-383 
values with increasing (i.e. younger) leaf number was not significant. 384 
Measurements of ferric reducing antioxidant power (FRAP) display a different 385 
developmental pattern, with significantly increasing FRAP-values with 386 
increasing leaf number. UV-B exposure further significantly enhanced FRAP-387 
values, especially in the newest leaves (Fig. 3B). 388 
 389 













Correlations between quercetin and kaempferol concentrations and Ferric 390 
Reducing Antioxidant Power (FRAP) were investigated across different leaves 391 
and inclusive of both UV-exposed and control samples (Fig. 4A, 4B). A positive 392 
relation was identified, whereby the highest flavonol content coincides with 393 
the highest FRAP activity. Whilst both kaempferol and quercetin content are 394 
positively correlated with FRAP values, only quercetin correlates positively 395 
with TEAC values. No correlation was found between FRAP and TEAC values.  396 
 397 
Discussion  398 
Effects of UV-B radiation on Arabidopsis thaliana leaves 399 
UV-exposure had a significant, positive effect on the total content of UV-400 
absorbing pigments. UV-B induced increases in total phenolic content have 401 
been reported in large numbers of studies (e.g. Searles et al., 2001; Bieza and 402 
Lois 2001; Rozema et al., 2002; Jansen et al., 2008). We noted a positive 403 
correlation between increased absorbance of methanolic extracts and 404 
kaempferol and quercetin-glycoside contents (Fig 2B and 2C). Thus, increases 405 
in UV-absorbance of methanolic extracts are most likely due to increases in the 406 
concentration of flavonols and related pigments. This does, however, not 407 
exclude contribution by hydroxycinnamic acids and their esters to total UV-408 
absorbance of leaves.  409 
 410 
Quercetin concentrations did increase up to 10-fold in UV-exposed leaves, 411 
while increases in kaempferol concentration were more modest (3-4 fold). 412 
Such differential regulation of different flavonol compounds has been observed 413 
before (cf. Hideg et al., 2013) and is thought to reflect the higher ROS-414 
scavenging capacity of quercetins with their additional hydroxyl group on ring-415 
B, relative to kaempferol (Csepregi et al., 2016). Increases in UV-induced total 416 
antioxidant capacity (FRAP) are consistent with the rise in flavonols, with their 417 
strong antioxidant activity (Hernandez et al., 2009), and a positive correlation 418 
can be observed between the total antioxidant capacity of leaf extracts 419 
assessed as FRAP and quercetin or kaempferol concentrations (Fig. 4A and 420 
4B). Remarkably, no UV-mediated increases in TEAC were observed in this 421 
study, notwithstanding the significant correlation between TEAC and quercetin 422 













content. Thus, significant increases in total UV-absorbing pigments, and in 423 
quercetin and kaempferol glycosydes did not result in an increase in total 424 
antioxidant activity measured using the TEAC assay. These data are in 425 
agreement with a study by Csepregi et al., (2016) who showed that different 426 
antioxidant assays can yield different results when used to compare phenolic-427 
rich samples. Csepregi et al., (2016) have argued that differences in the 428 
reactivities of quercetin and kaempferol derivatives with the chromophores of 429 
the two TAC assays underlie such diversity in measured responses (Csepregi et 430 
al., 2016). This, together with the clear developmental effect on FRAP, which is 431 
absent for TEAC, indicate that TEAC and FRAP assays measure different 432 
aspects of plant antioxidant defences.  433 
 434 
The upregulation of the total content of UV-absorbing pigments and the total 435 
antioxidant activity (FRAP) in UV-exposed leaves is indicative of UV-436 
acclimation. Consistently, in this study we show that plants exposed for 7 days 437 
to supplemental UV-B do not show significant negative effects on the maximal 438 
yield of photosystem II (Fv/Fm), on the steady state yield (Y(II)), and on non-439 
photochemical quenching. Many older studies have reported negative effects of 440 
UV-B radiation on photosynthesis, including O2 evolution, chlorophyll a 441 
fluorescence, CO2 fixation, stability of the D1 and D2 protein core of 442 
photosystem II and stomatal function (Jordan et al., 2016), however where 443 
realistic UV-doses and/or exposure conditions are used, most studies indicate 444 
minor UV-effects on the photosynthetic machinery. Using realistic exposure 445 
conditions, Wargent et al., (2015) even demonstrated a positive effect of UV-446 
radiation on photosynthesis by measuring net carbon fixation. However, in this 447 
study the relatively low UV-B doses did neither have a positive, nor a negative 448 
effect on photochemistry. 449 
 450 
Leaf developmental age as a determinant of leaf photosynthesis, pigment 451 
composition and total antioxidant activity 452 
In this study leaves of different developmental age were compared. 453 
Arabidopsis leaves are well known for developmental age related changes 454 
which are visible as heteroblasty, i.e. the age dependent changes in the 455 













morphology of leaves including shape and trichome distribution (Tsukaya et 456 
al., 2000). In this study it was found that developmental age had no effects on 457 
either Fv/Fm or Y(II). However, leaf developmental age was a significant 458 
determinant of both Y(NO) and NPQ, with lower Y(NO) and higher NPQ values 459 
in younger leaves. Thus, younger leaves display relatively strong regulated 460 
dissipation through, for example, the xanthophyll cycle. In contrast, older 461 
leaves display more non-regulated, non-photochemical energy dissipation. 462 
Previously, Majer and Hideg (2012) showed negative effects of UV radiation on 463 
the photochemical yield of older leaves, while younger leaves were more 464 
protected. A comparison of “inner” (i.e. younger) versus “outer” (i.e. older) 465 
leaves of 6 week old Arabidopsis plants also showed that older leaves 466 
displayed UV-B mediated impairment of photosystem II, unlike younger leaves 467 
(Jordan et al., 1998). Although no developmental UV-effects on photosynthetic 468 
activities were observed in this study, our data support the concept that young 469 
and old leaves have different photoprotection strategies.  470 
 471 
Clear effects of leaf developmental age were also seen in the study of total 472 
soluble phenolic content, where an increase in UV-absorbance of methanolic 473 
extracts was observed in younger leaves (Fig. 1). Previously, Majer and Hideg 474 
(2012) reported that young grapevine leaves display the strongest increases in 475 
UV-absorbing pigments, anthocyanins, total phenolics and total antioxidant 476 
capacity in response to supplemental UV. A comparison of “inner” (i.e. 477 
younger) versus “outer” (i.e. older) leaves of 6 week old Arabidopsis plants 478 
also showed stronger upregulation of UV-absorbing pigments in younger 479 
leaves (Jordan et al., 1998). These data are in agreement with a generalisation 480 
proposed by Harper (1989), who argued that young, expanding leaves depend 481 
on phenolics for defence purposes, while older leaves may defend themselves 482 
through a tough cuticle and/or high content of dry matter, both of which are 483 
incompatible with rapid growth. However, the link between leaf 484 
developmental age and leaf phenolic content is not that straightforward. In Ilex 485 
paraguariensis total phenolic content increases with leaf ageing (Blum-Silva et 486 
al., 2015), an observation which contradicts the data observed in this study. In 487 
Lantana camara levels of total phenolics were stable across a range of leaves of 488 













different developmental ages (Bhakta and Ganjewala, 2009) but 489 
concentrations of specific flavonols displayed a bell shaped curve, with lowest 490 
levels in young and mature leaves. Thus, the composition of the total pool of 491 
UV-absorbing pigments changes with developmental age in Lantana camara. 492 
Reifenrath and Müller (2007) who found higher concentrations of flavonols in 493 
young, compared to old leaves in Sinapsis alba and Nasturtium officinal. 494 
Similarly, Bergquist et al., (2005) observed higher levels of flavonols in young, 495 
compared to more mature plants of baby spinach (Spinacia oleracea). In this 496 
study, a non-significant increase in flavonol content with developmental age 497 
was observed. Some of the variation in published data on total phenolics 498 
and/or flavonols can be due to variations in experimental approaches, 499 
including extraction and quantification procedures (see Julkunen-Tiitto et al., 500 
2015). Indeed, esterified and other forms of covalently cell wall bound 501 
phenolic compounds are notoriously difficult to quantify, and it can’t be 502 
excluded that the proportion of such compounds varies with developmental 503 
age. Most studies, including this one, are therefore limited to the extractable 504 
phenolic compounds. Yet, some of the contradictory information on phenolic 505 
concentrations is likely to be accurate and visualise species-specific responses. 506 
A comparison of young and old leaves of eight different species showed that in 507 
four species older leaves contained more total phenolics, in three species 508 
younger leaves contained more phenolics, and in one species older and 509 
younger leaves contained similar amounts of phenolics (Achakzai et al., 2009). 510 
The species in which older leaves contain more phenolics include the 511 
deciduous shrub Berberis vulgaris, the deciduous tree Melia azedarach, and the 512 
evergreen shrubs Nerium oleander and Rhododendron sp. The species in which 513 
younger leaves contain more phenolics include the evergreen trees Olea 514 
europea and Tamarix aphylla, and the deciduous, invasive tree Prosopis 515 
glandulosa. As all species were analysed in the same laboratory, using the same 516 
techniques, it is likely that the developmental age dependency of phenol 517 
accumulation is species specific.  518 
 519 
The data presented in this paper show developmental age related changes in 520 
total antioxidant capacity, and UV-absorbance of methanolic extracts 521 













concentrations. Thus, sampling a single “representative” leaf on a plant does 522 
not necessarily capture the full scope of “within-individual-heterogeneity”. In 523 
the context of plant UV-studies, we note that the developmental variation in 524 
the UV-absorbance of methanolic extracts and in total antioxidant activity 525 
matches, or is even greater than the measured UV-induced response. Thus, 526 
pooling of rosette leaves is not necessarily a good strategy as specific leaves 527 
may skew averages (consider for example effects of different kaempferol 528 
concentrations in Table 2). Superficially, it appears that the best strategy to 529 
comprehensively visualise UV-responses is to analyse all individual leaves 530 
within a rosette. However, such an approach does not consider the importance 531 
of “within-leaf-heterogeneity” for plant UV-responses, including differences 532 
between “older distal” leaf zones and “younger proximal” zones, and between 533 
“more UV exposed adaxial epidermal tissue” and “less exposed mesophyll 534 
tissue”. In the field of gene-expression studies, analysis of the tissue (or even 535 
cell) specificity of response has long been facilitated by reporter-constructs. 536 
This study emphasises that to fully understand plant UV-responses in a 537 
developmental context, it is important to further develop reporter technologies 538 
for physiological studies, including high sensitivity imaging techniques to 539 
visualise ROS and ROS-defences in planta, as well as fluorescence excitation 540 
screening technology and chromogenic assays for in planta visualisation of 541 
specific UV-absorbing pigments. 542 
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Figure 1: Total UV-absorbing pigments (A330 nm/g fresh weight) as a function 
of leaf number. Leaves were numbered in order of their formation, with leaves 
one and two being the oldest leaves in the rosette. UV-absorbing pigments were 
extracted using acidified methanol.  Plants had either been grown under PAR 
plus UV-A (indicated as –UV-B), or under PAR plus UV-A plus UV-B (indicated as 
+UV-B). Data are means  standard deviations. N=5. Two-way ANOVA revealed 
UV-B (p<0.01) and leaf age (p<0.05) as significant factors in determining the 
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Figure 2: Relationships between kaempferol-glycosides, quercetin glycosides and 
total UV-absorbing pigments (A330 nm/g fresh weight) in Arabidopsis leaves 4, 
5 and 6. Plants had either been grown under PAR plus UV-A (indicated as –UV-
B), or under PAR plus UV-A plus UV-B (indicated as +UV-B). Panel A, quercetin 
versus kaempferol content; B, quercetin versus A330nm; C kaempferol versus 
A330nm. Data are means  standard deviations (n=5). Dashed lines show linear 
fits of either whole data sets (30 data pairs for panel A) or averages (6 data pairs 
for panels B and C). Fig.2A: R2= 0.912, p < 10-5; Fig.2B: R2= 0.501, p = 1.22 10-5; 
Fig.2C: R2= 0.538, p < 10-5.  
 














Figure 3: Total antioxidant capacity as a function of leaf number. Leaves were 
numbered in order of their formation, with leaves one and two being the oldest 
leaves in the rosette. Total antioxidant capacity was measured using the TEAC 
assay (panel A) or the FRAP assay (panel B). Plants had either been grown under 
PAR plus UV-A (indicated as –UV-B), or under PAR plus UV-A plus UV-B 
(indicated as +UV-B). Data are means  standard deviations. N=4. Asterisks mark 
significant (p<0.05) different means. Two-way ANOVA revealed UV-B (p<0.05) 
as a significant factor for TEAC, and both UV-B (p<0.01) and leaf age (p<0.01) as 
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Figure 4: Relationships between kaempferol-glycosides, quercetin glycosides and 
total antioxidant activity (FRAP) in Arabidopsis leaves 4, 5 and 6. Plants had 
either been grown under PAR plus UV-A (indicated as –UV-B), or under PAR plus 
UV-A plus UV-B (indicated as +UV-B). Panel A, quercetin versus FRAP; B, 
kaempferol versus FRAP. Data are means  standard deviations. N=5 for 
quercetin and kaempferol measurements, and n= 4 for FRAP. Dashed lines show 
linear fits using averages (6 data pairs). Fig.4A: R2= 0.813, p= 0.013; Fig.4B: R2= 
0.946, p = 0.001. 
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Table 1: Photosynthetic parameters of individual leaves of an Arabidopsis thaliana rosette, measured using chlorophyll a 
fluorometry. Plants had either been grown under PAR plus UV-A (indicated as –UV-B), or under PAR plus UV-A plus UV-
B (indicated as +UV-B). Shown are averages of 5 independent replicates, with standard deviations. *significant effect of 




Fv/Fm Y(II) NPQ* Y(NPQ) Y(NO)* 
-UV-B +UV-B -UV-B +UV-B -UV-B +UV-B -UV-B +UV-B -UV-B +UV-B 
1 0.780.03 0.760.03 0.170.06 0.180.06 0.730.13 0.750.18 0.350.05 0.350.04 0.480.04 0.470.07 
2 0.780.02 0.770.02 0.190.07 0.170.07 0.700.11 0.660.13 0.330.05 0.330.05 0.480.04 0.500.05 
3 0.780.02 0.770.02 0.200.04 0.220.09 0.820.16 1.030.47 0.360.05 0.380.12 0.440.04 0.400.09 
4 0.770.01 0.770.03 0.210.04 0.220.07 0.940.09 0.960.26 0.380.03 0.380.08 0.410.03 0.400.06 
5 0.760.05 0.770.02 0.220.07 0.230.07 1.030.16 0.860.14 0.390.04 0.360.05 0.390.06 0.420.05 
6 0.760.03 0.770.04 0.220.09 0.240.11 1.300.34 1.150.51 0.440.09 0.400.13 0.340.03 0.360.06 


















Table 2: Quercetin and kaempferol content measured using LC-MS. Plants had either been grown under PAR plus UV-A 
(indicated as –UV-B), or under PAR plus UV-A plus UV-B (indicated as +UV-B). Data are means  standard deviations. N = 
5. *Two-way ANOVA of the whole data set identified UV-B but not leaf age as a significant factor for both total quercetin-









-UV-B +UV-B* -UV-B +UV-B* 
4 1.21.0 9.610.6 81.147.8 246.0169.4 
5 1.91.8 19.822.8 125.766.7 466.5317.8 
6 2.32.7 16.923.2 209.4124.1 494.4392.3 
 
Table 2
